The N ϭ 2-1 pure rotational transition of the ND radical (X 3 ⌺ Ϫ ) near 1 THz was measured with the Cologne terahertz spectrometer. The ND radical was produced in a dc discharge of a flowing mixture of deuterated ammonia and helium. Frequencies of five strong fine-structure transitions with associated hyperfine components were precisely measured and analyzed to determine a complete set of accurate molecular constants, e.g., the rotational and centrifugal distortion constants B 0 ϭ 263265.4735(45) MHz and D 0 ϭ 14.62876(74) MHz, together with the fine and hyperfine constants. Based on these constants, the rotational frequencies of ND up to 4 THz were predicted with the aim to guide future astronomical searches. For completeness we also include similar predictions for NH.
INTRODUCTION
Although the existence, the spectroscopic features, and the molecular properties of the fundamentally important radical NH ( 3 ⌺
) and its isotopomer ND have been established by high-resolution optical spectroscopy (see e.g., Huber and Herzberg (1) ) and in the far-infrared region by laser magnetic resonance (LMR) spectroscopy (2, 3) , it is rather recently that their pure rotational spectra have been observed in the submillimeter wave region by microwave techniques. In 1993 Saito and Goto (4) reported the first laboratory study of the N ϭ 1-0 pure rotational transition of ND, split into a spin triplet by the spin-spin interaction. Very recently Klaus, Takano, and Winnewisser (5) measured for NH the laboratory spectrum of the three fine-structure components of the N ϭ 1-0 rotational transition located at 946, 974, and 1000 GHz together with their associated hyperfine components. In addition, the observation of six vibration-rotation bands of ND at 0.01 cm Ϫ1 resolution were reported by Ram and Bernath (6) together with a set of precise molecular constants.
We report in the present paper the laboratory measurement of the N ϭ 2-1 rotational transition of ND. Each rotational energy level is split into a fine structure with three spin states, with the selection rules ⌬J ϭ 1, 0, Ϫ1 leading to six allowed transitions, five of which have been observed and are reported here. These are shown in the energy level diagram (Fig. 1) where only the fine-structure splitting has been considered. They are found in the frequency region between 1.02 and 1.08 THz. The ⌬N ϭ ⌬J ϭ 1 are the strongest transitions and lead to the prominent triplet structure.
Although interstellar NH has been found in diffuse clouds in absorption by its optical band system A 3 ⌸-X 3 ⌺ Ϫ (0,0) near 3358 Å (7), this basic radical has not been detected by groundbased observation in dense interstellar clouds for a variety of reasons, the most important of which is the significantly reduced atmospheric transmission at the appropriate transition frequencies of NH and ND. Possible deuterium fractionation may lend significance to ND in dark clouds and hot cores. Nevertheless, precise knowledge of their rotational spectra is very important for airborne and spaceborne observations.
EXPERIMENTAL PROCEDURES
The ND radical was produced in an environment similar to our NH production method (5), i.e., in a dc discharge of fully deuterated ammonia (ND 3 ) buffered with helium at partial pressures of about 2 and 5 Pa, respectively. The 2-m-long absorption cell was kept at about Ϫ80°C by liquid nitrogen cooling. The hardware of the Cologne terahertz spectrometer has been described in detail elsewhere (8, 9) . Table 1 presents a listing of all our newly measured transitions and all transitions reported in Ref. (4) together with their estimated experimental uncertainties. The transitions from (4) are repeated here because the present fitting turned out to be different for several lines, e.g., the line at 522094.030(4) MHz showed in the fit of (4) a deviation from the calculated value of 737 kHz, whereas in the present extended fit the line position agrees within 12 kHz to the newly calculated value. Some other lines show larger deviations in our fit than they do in (4). For unblended lines with good signal-to-noise ratio the uncertainties were estimated to be 50 kHz. However the individual fine-structure components of the N ϭ 2-1 transition of ND are split by various hyperfine interactions, which lead to rather congested spectra and thus in many cases to significant overlapping of lines and consequently to reduced accuracies in the frequency determination of the line center. Uncertainties in the a Estimated experimental uncertainty is shown in brackets. The original uncertainties by Saito & Goto (1993) are listed for the N ϭ 1-0 transitions, but they were increased 10 times in our analysis (see text). For transitions with the same frequency, the hyperfine structure is not resolved. A weighted frequency by intensity is used in the fit.
b Relative intensity of the hyperfine structure in percent of the total intensity for each rotational transition.
c Not included in the fit. "line center" determination can be as much as 600 kHz. Figure  2 presents a recording of the N,J ϭ 2,3-1,2 fine-structure component near 1.050 THz as an illustration of overlapping hyperfine components.
ANALYSIS
The Hamiltonian used to analyze the data is the conventional one for triplet sigma radicals having two nuclear spins as 
where H rot represents the Hamiltonian for the end-over-end rotation, and H fs describes the fine structure and is the operator for the electronic spin-spin and spin-rotation interaction, including the change in energy caused by the respective centrifugal distortion contributions. Finally, H hfs represents the hyperfine structure, which for ND arises from two contributions: (i) the magnetic dipole moments of the two nuclear spins I N and I D , described by the operators of the nuclear spin-electronic spin interaction and nuclear spin-rotation interaction, and (ii) the electric quadrupole moments of the nitrogen and deuterium nuclei which contribute two additional terms. The appropriate matrix elements were calculated by the standard procedure according to the coupling scheme J ‫؍‬ N ؉ S, F 1 ϭ I N ϩ J, and F ‫؍‬ I D ϩ F 1 . The analysis of the experimental data set was performed in a manner similar to that quoted in (5). In the fitting procedure, the observed frequencies were weighted proportionally to the inverse square of their estimated uncertainties, i.e., 1/(line uncertainty) 2 . The frequency uncertainties from Ref. (4) were increased 10 times to achieve a balanced fitting with a relative weight of about 1 to 1 4 for the reflects the different Doppler widths of the respective lines. For unresolved hyperfine splittings, the frequencies were calculated as the weighted average of the intensity of the individual hyperfine components. In the fit we have accepted all those unblended and blended lines for which the difference between observed and calculated line positions were Ͻϳ140 kHz. All others have been rejected from the fit but are retained in the table. This rejection limit also contains considerations about poor signal-to-noise ratio, or the effect of nearby disturbing lines.
RESULTS AND DISCUSSION
The molecular constants quoted in Table 2 were derived from a simultaneous fit of our newly obtained data together with the N ϭ 1-0 data reported by Saito and Goto (4). Our fit to the dataset includes the following constants: the rotational and centrifugal distortion constants B 0 and D 0 , the spin-rotation constant ␥ 0 , and the spin-spin interaction constant 0 , together with their centrifugal distortion contributions ␥ D0 and D0 . It may be noticed that D0 has a negative sign as has been determined for NH (10) . The constants B 0 , D 0 , ␥ 0 , ␥ D0 , and 0 were also reported in (6) and are in close agreement with our values. Based on the accuracy of our measurements, our quoted molecular parameters are believed to be at least one order of magnitude more precise than those given in (6) .
Furthermore, the nonzero nuclear spins of nitrogen, I N ϭ 1, and deuterium, I D ϭ 1, give rise to magnetic dipole hyperfine structure, which is further subdivided into Fermi contact b F (N) and b F (D), and magnetic dipole-dipole interaction c(N) and c(D). In addition, the electric quadrupole coupling constants of both nuclei eqQ(N) and eqQ(D), and the nitrogen nuclear spin-rotation constant C I (N) are required for fitting the data to their experimental accuracies. We find for ND that the value of eqQ(N) ϭ Ϫ3.210(17) MHz agrees well with the value we found for NH (5) eqQ(N) ϭ Ϫ3.02(11) but is significantly different from the value quoted by Saito (11), namely eqQ(N) ϭ Ϫ2.256(146) MHz. The sign of the nuclear spin-rotation constant C I (N) turned positive as determined for NH (5) . Finally, eqQ(D) is obtained with significantly improved accuracy.
FREQUENCY PREDICTIONS
We have used the molecular parameters of ND derived in this work and of NH obtained earlier (5) for calculating accurate frequency predictions for the higher rotational transitions. These highly reliable frequency predictions are intended for future interstellar searches of these important species. Although for ND the two transitions N ϭ 2-1 and N ϭ 3-2 have been recorded as LMR spectra by Wayne and Radford (3) , no line positions are given for zero magnetic fields, which is the situation relevant to astrophysical searches. In this paper we attempt to provide these frequencies. For both sets of predictions, i.e., for ND (Table 3) and NH (Table 4) , the contributions from the hyperfine structures which carry less than 1% of the intensity of the unsplit rotational transition have been omitted. The more intense hyperfine components are always 
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Copyright © 1998 by Academic Press those for which the quantum numbers J and F change in the same way as the rotational quantum number N, i.e., in the present case ⌬N ϭ ⌬J ϭ ⌬F ϭ 1. For these transitions the associated hyperfine splitting decreases with increasing rotational quantum number N and therefore it is of reduced significance to an expected astrophysical search. This behavior of the hyperfine pattern can be seen from a closer inspection of Tables 3 and 4 . The higher rotational transitions display the typical triplet structure, an easily recognizable line pattern, which is so characteristic for molecules in 3 ⌺ states. 
